ARLY DETECTION REDUCES DEATHS due to breast cancer. The US Preventive Services Task Force analysis of 7 randomized trials of mammographic screening found that the point estimate of the reduction in mortality from screening mammography was 22% in women aged 50 years or older and 15% among women between 40 and 49 years, 1 with some individual trials showing far greater benefits in both age groups and with any specific age distinction arbitrary. The magnitude of reduction in mortality seen in individual trials parallels reductions in size distribution 2 and rates of node-positive breast cancer. Main Outcome Measures Diagnostic yield, sensitivity, specificity, and diagnostic accuracy (assessed by the area under the receiver operating characteristic curve) of combined mammography plus ultrasound vs mammography alone and the positive predictive value of biopsy recommendations for mammography plus ultrasound vs mammography alone.
extremely dense, visually estimated as more than 75% glandular 6 breasts, as do at least one-third of women older than 50 years. 5 In women with dense breasts, mammographic sensitivity may be as low as 30% to 48%, 7, 8 with much higher interval cancer rates 7, 9 and worse prognosis for resulting clinically detected cancers. Furthermore, dense breast tissue is itself a marker of increased risk of breast cancer on the order of 4-to 6-fold. 10 In dense breasts, digital mammography has improved performance, with sensitivity increasing from 55% with screen film to 70% with digital in 1 large series using mammographic and clinical follow-up as a gold standard. 11 Digital mammography does not, however, eliminate the fundamental limitation that noncalcified breast cancers are often obscured by surrounding and overlying dense parenchyma.
In women younger than 50 years, the reduced benefit of mammographic screening is attributed to increased breast density, biologically more aggressive cancers, and reduced prevalence of disease. Using a screening interval of 12 months, rather than 24 months, should improve results with rapidly growing malignancies, even though dense tissue remains a major limitation to improving outcomes. 12 Methods to address improving detection despite dense breast tissue are needed.
Supplemental screening ultrasound has the potential of depicting small, nodenegative breast cancers not seen on mammography, 8, [13] [14] [15] [16] [17] and its performance is improved in dense parenchyma. 8 It is natural to expect that methods that improve the detection of small, nodenegative cancers would further reduce mortality when performed in addition to screening mammography. However, direct evidence of a mortality reduction due to screening can only be generated in a large prospective randomized screening trial with mortality as an end point. Such trials are costly, require extensive infrastructure and resources, and are not practical under all contexts. Surrogate aims and end points, such as the diagnostic performance for the screening modality or the size and stage of breast cancers depicted, have been correlated with mortality outcomes, 18, 19 and can be used to project the mortality reduction if the screening modality were implemented.
Across 42 838 examinations from the 6 published single-center studies of screening ultrasound to date, 8, [13] [14] [15] [16] [17] 126 women (0.29%) were shown to have 150 cancers identified only on supplemental ultrasound. 20 Of 141 invasive cancers detected only on ultrasound, 99 (70%) were 1 cm or smaller in size. 20 In studies for which staging was detailed, 36 of 40 cancers (90%) depicted by ultrasonography alone were categorized as stage 0 or I. 20 Concerns remain, however, over the generalizability of such favorable results with screening ultrasound. In particular, there is concern for the operator dependence of freehand screening breast ultrasound because an abnormality must be perceived while scanning for it to be documented. Importantly, recent reports have shown that consistent breast ultrasound examination performance and interpretation is possible with minimal training. 21, 22 Other limitations to implementing widespread screening ultrasound include a shortage of qualified personnel to perform and interpret the examination and lack of standardized scanning protocols. These concerns have hampered use of screening ultrasound; 35% of surveyed facilities specializing in breast imaging offered it in 2005, 23 even though most facilities offering screening ultrasound will do so only on a limited basis.
In this study, we report a prospective, multicenter trial, randomized to sequence of performance of mammography and ultrasound, designed to investigate and validate the performance of screening ultrasound in conjunction with mammography, using a standardized protocol and interpretive criteria. This trial was designed to compare the diagnostic yield of screening breast mammography plus ultrasound with mammography alone in women at increased risk of breast cancer. Since beginning this trial, a multicenter study was published from Italy in which 6449 women with dense breasts and negative mammogram results underwent screening ultrasound, with 29 cancers depicted by ultrasound (cancer detection rate, 0.45%). 24 The American College of Radiology Imaging Network (ACRIN) 6666 is the largest trial of screening ultrasound in which mammography and ultrasound have been performed and read independently, allowing detailed analysis of the performance of each modality separately and in combination and reducing potential biases in patient recruitment and interpretation of both mammography and ultrasound. Furthermore, we used standardized scanning and interpretive criteria (http://www .acrin.org/TabID/153/Default.aspx), which should facilitate generalizability of our results.
Unlike previous reports evaluating screening ultrasound, we chose to study a population at elevated risk of breast cancer. Supplemental screening in addition to mammography may be more cost-effective in such populations because the expected prevalence of disease is higher than it is for populations with no risk factors. Furthermore, patients at higher risk may be encouraged to begin screening at an earlier age when the tissue is denser and mammography is more limited in its benefits. Indeed, annual magnetic resonance imaging (MRI) is now recommended in addition to mammography for women at very high risk of breast cancer, 25 but it remains limited by high cost, required injection of contrast, reduced patient tolerance, and limited availability and expertise. Ultrasound is relatively inexpensive, requires no contrast, is well tolerated, and is widely available.
METHODS

Study Design
Participants were women at elevated risk of breast cancer (TABLE 1) who presented for routine annual mammography and provided written informed consent. Each participant underwent mammographic and ultrasonographic screening examinations in randomized order with the interpreting radiologist for each examination masked to results of the other. Random assignment of screening order was stratified by site and block randomization with alternating block sizes of 6 and 8 used within each site. If the recommendation from the study mammography or ultrasound was for other than routine annual screening, an integrated mammography plus ultrasound interpretation was recorded by a qualified site investigator radiologist. Otherwise, if both ultrasound and mammography were interpreted as negative or benign, no separate integrated interpretation was performed, and the combination of mammography plus ultrasound was assumed to be negative. Management was based on recommendations from the integrated examination. If needed, targeted ultrasonographic or additional mammographic views were then performed and results, assessments, and recommendations were separately recorded. Results of repeat screening at 12 and 24 months after study entry are still being collected. Race and ethnic group were self-assigned from a list of options for ethnicity and a series of yes or no questions for race.
Web-based data capture and quality monitoring was conducted by ACRIN's Biostatistics and Data Management Center. For all analyses in this study, data were cleaned and locked as of May 14, 2007 . The study received institutional review board approval from all participating sites; ACRIN and National Cancer Institute-Cancer Imaging Program approval; and data and safety monitoring committee review every 6 months.
Participant Population
A total of 2809 women were recruited from 21 sites between April 2004 and February 2006, of whom 2725 were eligible (FIGURE 1, Table 1 ). Women aged at least 25 years who presented for routine annual mammography were eligible to participate if they met uniform definitions of elevated risk (Table 1) as determined by study personnel and had heterogeneously dense or extremely dense parenchyma 6 in at least 1 quadrant, either by prior mammography report or by review of prior mammograms. Otherwise eligible women with no prior mammography were allowed to enroll under the rationale that such women would be highrisk young women presenting for baseline screening who would usually have dense breasts. Women were excluded if they had signs or symptoms of breast cancer, recent surgical or percutaneous image-guided breast interventional procedures or MRI or tomosynthesis of the breast(s) within the prior 12 months, or mammography or whole breast ultrasound fewer than 11 months earlier. Also excluded were women with breast implants and those who were pregnant, lactating, or planning to become pregnant within 2 years of study entry or who had known metastatic disease. We did not exclude women with prior breast cancer or basal or squamous cell skin cancer or in situ cervical cancer. Women with other prior cancers were eligible to enroll if they had been disease-free for at least 5 years. 
Screening Methods
At least 2-view mammography was performed using either screen-film or digital mammography. Visually estimated overall mammographic breast density on study mammograms was recorded as less than 25%; 26% to 40%; 41% to 60%; 61% to 80%; or more than 80% dense. Computer-assisted detection was not permitted. Radiologist investigators who had successfully completed both phantom scanning 26 and mammographic and ultrasonographic interpretive skills tasks 27 performed separate, masked interpretations of mammographic and ultrasonographic examinations. Survey ultrasound was performed using high-resolution linear array, broad bandwidth transducers with maximum frequency of at least 12 MHz, with scanning in transverse and sagittal planes. Lesions other than simple cysts were imaged with and without spatial compounding and power or color Doppler in orthogonal planes (typically radial and antiradial orientations). An image (with embedded clock time) was recorded on entering the ultrasound suite, at the beginning and end of ultrasonographic screening, and on leaving the suite to determine the time to scan and the total physician time in the room. Electively, the axilla could be scanned, and its inclusion was recorded. Investigators recorded ultrasonographic background echotexture and lesion features using Breast Imaging and Reporting Data System (BI-RADS): Ultrasound descriptors 28 and average breast thickness to the nearest centimeter.
Assessments for each lesion and for each breast overall were recorded on the expanded 7-point BI-RADS 6 scale: 1, negative; 2, benign; 3, probably benign; 4a, low suspicion; 4b, intermediate suspicion; 4c, moderate suspicion; and 5, highly suggestive of malignancy. To allow for meaningful receiver operating characteristic (ROC) analysis, we did not allow use of a 0 BI-RADS score. The ability to recommend additional imaging was separately allowed. Investigators were also asked to rate likelihood of malignancy from 0% to 100% to provide a scale that would potentially improve the ROC analysis. Recommendations for routine annual follow-up, short interval follow-up in 6 months, additional imaging, and biopsy were recorded separately from assessments.
Determination of Reference Standard
Reference standard information is a combination of biopsy results within 365 days and clinical follow-up at 1 year. One year follow-up was targeted for 365 days after the last screening date and very few visits were early; of 2637 participants, 32 (1.2%) occurred before 11 months and 12 (0.46%) before 10.5 months. The absence of a known diagnosis of cancer on a participant interview, review of medical records at the 1-year screening follow-up, or both was considered disease negative, as were 3 cases with double prophylactic mastectomies. Biopsy results showing cancer (in situ or infiltrating ductal carcinoma, or infiltrating lobular carcinoma) in the breast or axillary lymph nodes were considered malignant, disease positive, as was 1 other invasive cancer, which proved to be a case of melanoma metastatic to axillary lymph nodes. The melanoma case was retained in the analysis because of its classification at the time the database was locked for analysis. Excision was prompted for core biopsy results of atypical or high-risk lesions including atypical ductal or lobular hyperplasia, lobular carcinoma in situ (LCIS), atypical papilloma, and radial sclerosing lesion.
Statistical Considerations
Statistical software used to perform this analysis was SAS, version 9.1 (SAS Institute Inc, Cary, North Carolina), STATA, version 9.2 (STATA Corp, College Station, Texas), S-PLUS, version 7 , and 68 (90th percentile) years. c Participants may fall into more than 1 category. Ethnicity was self-selected from a list of options and race from a series of yes or no questions. d Of the Hispanic or Latina participants in the eligible and analysis sets, 80% were accrued at CERIM, Buenos Aires, Argentina. None of the black or African American participants in either set were accrued at CERIM. e Premenopausal women had their last menstrual period less than 1 month before registration. Perimenopausal women had their last menstrual period at least 1 month but less than 12 months before registration. Postmenopausal women had their last menstrual period more than 1 year before registration. f Participants are listed only once for the risk factor that determined eligibility. BRCA-mutation carrier status and prior chest/ mediastinal radiation were prioritized over personal history of breast cancer, which was prioritized over risk by Gail or Claus models (lifetime risk prioritized over 5 y risks Ͼ2.5% then 1.7% and extremely dense parenchyma, respectively), then prior atypical biopsy result. g A patient originally included in this group for both eligible and analysis sets was receiving chemoprevention therapy: her basis of eligibility is unknown as reported by the site, even though her reported family history yields a lifetime Gail model risk exceeding 25%. h Nine women with BRCA1 or BRCA2 mutations also had a personal history of breast cancer, as did 4 with prior chest, or mediastinal radiation, or both.
(Insightful Corp, Seattle, Washington), and ROCKIT, version 0.9.4 beta (available from the Kurt Rossmann Laboratories for Radiologic Image Research, University of Chicago, Chicago, Illinois). All P values were reported as 2-sided. PϽ.05 was set as the threshold for significance. All confidence intervals (CIs) are reported at the 95% level.
The primary unit of analysis is the participant, with the most severe breast imaging assessment on mammography or on mammography plus ultrasound used as the primary end point. A BI-RADS assessment of 4a, 4b, 4c, or 5 was considered positive (seen and suspicious) for the mammographic or ultrasonographic imaging test or combination of tests, and an assessment of BI-RADS 1, 2, or 3 was considered negative, as is standard in audits of mammographic outcomes. 6, 29 We separately analyzed results based on recommendations, with additional imaging or biopsy or both considered positive and short interval or routine follow-up considered negative. Sample-size projections were designed to achieve both the desired level of statistical precision for estimating the yields and at least 80% power to detect a difference in the yields of at least 3 per 1000, while allowing for 17% missing data.
The diagnostic yield (ie, the proportion of women with a positive screen test and positive reference standard), sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) were estimated as simple proportions with exact 95% CIs. To account for the natural pairing of assessments within a participant, the McNemar test was used to compare the diagnostic yields, sensitivity, and specificity (TABLE 2) and the test was inverted to provide a CI for their difference. Conditional logistic regression was used where appropriate. Comparison of PPVs and NPVs was done according to Leisenring et al. 30 For sensitivity at the lesion level, we accounted for clustering by using a logistic regression with robust SEs. Empirical and model-based ROC curves were estimated from degree of suspicion (BI-RADS) and quasi-continuous probability scales pooled across the study. 31 The areas under the curve (AUCs) were compared under a bivariate, binormal model that accounts for the paired-test design (ie, every par- ticipant underwent both screening modalities). 32, 33 The paired-study design eliminates confounding by participant characteristics in the primary comparison between modalities.
Of 2725 eligible participants enrolled, only 3.23% (88) were excluded due to missing data. Thirteen (0.48%) never completed imaging and 75 (2.75%) yielded no reference standard information (Figure 1) . The analysis cohort, consisting of all eligible participants with assessment data and reference standard (n=2637), was compared with the full eligible study cohort (n=2725) on baseline characteristics to detect potential biases (Table 1) . We note that among the 88 participants with missing data, we would expect only 1 cancer if the data are missing at random.
RESULTS
There were no differences in demographics or risk factors between the analysis cohort of 2637 (4786 breasts) and the overall eligible group of 2725. (Figure 1 and Table 1 ). The mean (SE) age at enrollment was 55 years (0.2; range, 25-91 years). Fourteen hundred women (53.09%) had a personal history of breast cancer. Nine of 23 women who carried either the BRCA-1 or BRCA-2 mutation also had a history of breast cancer, as did 4 of 8 women who had undergone chest or mediastinal radiation. Seventy-three percent of participants had undergone mammography in no less than 11 full months to no more than 14 months before entering the study, 11% had prior screening ultrasound, and 7% had prior contrast-enhanced breast magnetic resonance imaging at least a year before entering the study.
Forty of 2637 participants (1.5%) were diagnosed with cancer, 39 of whom had breast cancer: 6, DCIS; 20, invasive ductal carcinoma (IDC) with or without DCIS; 3, invasive lobular carcinoma; and 10, mixed invasive ductal and lobular carcinoma with or without DCIS. One participant had melanoma metastatic to axillary nodes with no evidence of cancer in the breasts. One patient with IDC had contralateral DCIS (41 total 1 mm) , with axillary nodes negative in 8 of 9 participants (89%) with staging. One 4-mm IDC lesion considered suspicious initially on mammography (true positive on mammography) was downgraded to a BI-RADS score of 3 after integration with ultrasound (false negative on mammography plus ultrasound), even though it was still recalled for additional mammographic views (thought to be probably benign after recall, and benign at the 6-month follow-up), and was diagnosed when the patient presented with palpable metastatic adenopathy 264 days after study entry. This is not included among interval cancers.
Thirty-one cancers were depicted in 2637 participants by the combination of mammography plus ultrasound, producing a yield of 11.8 per 1000 women and an increased yield due to ultrasound of 4.2 per 1000 (95% CI, 1.1-7.2; Table 2 ) over mammography alone. The diagnostic accuracy of mammography alone was 0.78 (95% CI, 0.67-0.87), for ultrasound alone was 0.80 (95% CI, 0.70-0.88), and for combined mammography plus ultrasound was 0.91 (95% CI, 0.84-0.96, Table 2 , FIGURE 2). The AUC for mammography plus ultrasound did not change Abbreviations: BI-RADS, Breast Imaging Reporting Data System. a Includes 1 prophylactic mastectomy with ductal carcinoma in situ in a patient with contralateral invasive ductal cancer, but does not include 3 negative double-prophylactic mastectomies nor 5 other contralateral prophylactic mastectomies. b Atypical includes atypical ductal hyperplasia or lobular hyperplasia, lobular carcinoma in situ, atypical papilloma, and radial sclerosing lesion c One 4-mm invasive ductal cancer was considered BI-RADS 4a on mammography, missed on ultrasound, and classified as BI-RADS 3 on integrated mammography plus ultrasound. This was diagnosed when the participant presented with palpable metastatic adenopathy 264 days after study entry. d The participant with cancer due to melanoma presenting with axillary metastases was classified as BI-RADS 2 on mammography and BI-RADS 1 on integrated mammography plus ultrasound. e Investigators were not asked to integrate findings on mammography plus ultrasound if both examination results recommended routine follow-up. These cases were analyzed as having negative results on mammography plus ultrasound. Of 1832 cases analyzed as BI-RADS 1 on mammography plus ultrasound, 342 were BI-RADS 2 on mammography, 318 were BI-RADS 2 on ultrasound, 747 were BI-RADS 2 on both; 2 were BI-RADS 3 on initial mammography and downgraded to BI-RADS 1 after integration with ultrasound; the remaining 423 were BI-RADS 1 on both mammography and ultrasound.
when incorporating full diagnostic workup that included additional mammographic views. Defined as the percentage of participants with a BI-RADS 4a assessment or higher, without a diagnosis of cancer in the following 12 months, the falsepositive rate for mammography alone was 4.4% (136 had a BI-RADS score of 4a or higher, of whom 20 had cancer: 116 were false positive of 2637 participants [95% CI, 3.7%-5.3%; Table 3 ]); for ultrasound alone, the falsepositive rate was 8.1% (213 of 2637; 95% CI, 7.1%-9.2%); and for combined mammography plus ultrasound was 10.4% (275 of 2637; 95% CI, 9.3%-11.7%). In 5.2% of participants (136 of 2637; 95% CI, 4.3%-6.1%), ultrasound, but not mammography, resulted in a suspicious assessment and biopsy and 8.8% (12 of 136; 95% CI, 4.6%-14.9%) of these participants had cancer. Seventy-one participants had only a cyst aspiration, without a biopsy, with no malignancies among these lesions; 43 of these participants had a suspicious assessment only on ultrasound and 2 had a suspicious assessment only on mammography. TABLE 4 details the recommendations by modality. To calculate the PPV1 6 of recall, the number of participants with cancer are divided by those who were recalled for additional evaluation, biopsy, or both. For mammography, 21 participants were diagnosed with cancer among of 276 participants who underwent additional evaluation or biopsy, or both for a PPV1 of 7.6% (95% CI, 4.8%-11.4%); for ultrasound the PPV1 was 22 of 337 (6.5%; 95% CI, 4.1%-9.7%); and for combined integrated mammography plus ultrasound, 32 of 436, 7.3% (95% CI, 5.1%-10.2%).Ofthose276participantsrecalled from routine mammography, after complete diagnostic workup, 84 participants were recommended for biopsy, of whom 19 had cancer, resulting in a PPV2 6 of 22.6% (95% CI, 14.2%-33%). For ultrasound, 21 of 235 patients with a biopsy recommendation after workup had cancer, resulting in a PPV2 of 8.9% (95% CI, 5.6%-13.3%). Although 1 of these cancers was classified as BI-RADS 3 based on the initial ultrasound, it was nevertheless worked up and classified as BI-RADS 4b on mammography. After mammography plus ultrasound and a full diagnostic workup, 31 of 276 participants who had undergone biopsy had cancer, resulting in a PPV2 of mammography plus ultrasound of 11.2% (95% CI, 7.8%-15.6%).
Short Interval Follow-up and BI-RADS 3
Based on mammographic results, 177 women (6.7%) were classified as BI-RADS 3 (Table 3 ); of those, 1 (0.6%) was diagnosed with cancer detected at the early second screen, 363 days after study entry (after initial additional mammographic recall at time 0 for unrelated benign findings). Three hundred twentyone participants (12.2%) were classified as BI-RADS 3 based on ultrasonographic screening, 5 of whom (1.6%) were diagnosed with cancer within the first 12 months of follow-up. Of the 5 participants with cancer who were classified as BI-RADS 3 on ultrasound, 3 were BI-RADS 5 on mammography and were diagnosed from 1 to 23 days after initial screens were completed. Two women had interval cancers that were identified incidentally as a result of a 6-month follow-up ultrasound for complicated cysts (the first was a 7-mm IDC found at surgery in adjacent tissue after a core biopsy result of LCIS from the lesion being followed up; the other was a 27-mm IDC-DCIS adjacent to the cyst being followed up). Both participants were node negative.
Based on results from mammography, short-interval follow-up was recommended for 59 (2.2%) of 2637 participants (95% CI, 1.7%-2.9%), and based on ultrasound, recommendations for short-term follow-up were made for 227 (8.6%) participants (95% CI, 7.6%-9.7%). Two hundred twenty of these recommendations were based on ultrasound alone. Two hundred eighty-six participants (10.8%) were 
Empirical points
Receiver operating characteristic (ROC) curves were calculated based on a bivariate, binomial model (See "Methods" section for details). recommended for short-term follow-up after mammography plus ultrasound (95% CI, 9.7%-12.1%). Initial assessments of 27 participants as BI-RADS 3, 7 as BI-RADS 4a, and 1 as BI-RADS 4b based on mammography were downgraded to BI-RADS 2 after integrating mammographic and ultrasonographic results. Similarly, initial assessments of 26 participants as BI-RADS 3, 3 as BI-RADS 4a, 4 as BI-RADS 4b, and 1 as BI-RADS 5 based on ultrasound were downgraded to a BI-RADS score of 2 after integrating ultrasonographic and mammographic results.
Interval Cancers
Eight participants had cancer not considered suspicious on either mammography or ultrasound, with cancer identified during the 12 months after initial screening, ie, interval cancers. Three node-negative cancers (an 8-mm IDC and ILC, a 35-mm ILC, and a 20-mm IDC-DCIS) were identified at the second screen (performed early, after 11 full months), with biopsies taken from 359 to 364 days after study entry. One participant noted a palpable lump, with biopsy showing a 12-mm mixed IDC/ ILC 337 days after study entry. One participant presented with skin recurrence of prior breast cancer 231 days after study entry. Two cancers were found at the 6-month follow-up ultrasound as detailed in the section on short-interval follow-up. One nonbreast malignancy was identified in the interval in a participant with prior melanoma of the back, who, 6 years later, developed a palpable axillary mass due to metastatic adenopathy, with no evidence of malignancy within the breasts. Thus, the interval cancer rate was 8 of 40 (20%) if the melanoma case is included as cancer, or 7 of 39 (18%) if not; only 2 of 39 participants (5.1%) with breast cancer were identified because of symptoms in the interval between screenings-or 3 of 39 (7.8%), if one includes the 4-mm IDC seen on initial mammography but not on additional imaging or at the 6-month follow-up, but which was diagnosed when the participant presented with palpable metastatic adenopathy 264 days after study entry. A ninth breast had cancer not seen on either mammography or ultrasound: DCIS was identified only at prophylactic mastectomy after diagnosis of contralateral multifocal IDC seen only on ultrasound.
Cancers seen only on ultrasound were evenly distributed across breast density categories (TABLE 5). The data were inconclusive with respect to most differences between film-screen and digital mammography; however, slightly higher specificity was observed with digital mammography than with film screen (97.0% vs 94.7%, P = .007).
In 1400 women with a personal history of breast cancer, 28 (2.0%) were found to have cancer, with 9 of 28 (32%) seen only on ultrasound (Table 5) . Cancers were evenly distributed between the breast ipsilateral to the initial cancer and contralateral disease. Among 1237 women with risk factors other than a personal history of breast cancer, 12 (1.0%) were found to have cancer, 3 of which cancers (25%) were seen only on ultrasound. Significantly more cancers overall were found in women with a personal history of cancer (P =.03), but there was no difference in supplemental yield of ultrasound in women with or without a personal history of breast cancer.
The median time to perform screening breast ultrasound was 19 minutes 
COMMENT
Supplemental physician-performed screening ultrasound increases the cancer detection yield by 4.2 cancers per 1000 women at elevated risk of breast cancer, as defined in this protocol (95% CI, 1.1-7.2 cancers per 1000) on a single, prevalent screen. This is similar to rates a One participant with a 4-mm invasive ductal cancer was given a 4a Breast Imaging Reporting Data System (BI-RADS) score on mammography and was recommended for additional imaging. Ultrasound was negative, and the participant was given a BI-RADS score of 3 with recommendation for short-interval follow-up on integrated mammography plus ultrasound. Cancer was diagnosed when the participant presented with palpable metastatic adenopathy 264 days after study entry. Another participant was recalled for additional imaging of calcifications thought to be a BI-RADS score of 3 on screening and benign on additional imaging, with cancer diagnosed 363 days after study entry due to a finding on the (early) 12-month screen. b Two participants with cancer were classified as BI-RADS 3 on ultrasound with a recommendation for additional imaging.
One had a BI-RADS 4b lesion on mammography and was biopsied. The other was recommended for short-interval follow-up after integrated mammography plus ultrasound and was diagnosed at the 6-month follow-up ultrasound. c Biopsy includes cyst aspirations for diagnostic uncertainty: 1 prompted by mammography and ultrasound; 46 only by ultrasound; 52 after combined mammography plus ultrasound integrated interpretation, and 49 after any additional evaluation was completed. d The participant with cancer due to axillary metastasis from melanoma was recommended for routine follow-up on all imaging.
of ultrasound-only cancers of 2.7 to 4.6 cancers per 1000 women screened in other series. 8, [13] [14] [15] [16] [17] 24 As in prior studies, the vast majority of cancers seen only on ultrasound were invasive because DCIS is difficult to see on ultrasound. All but 1 cancer seen only on ultrasound was node negative. Invasive cancers not seen on mammography can be expected to present as interval cancers with a worse prognosis: detection of asymptomatic, mammographically occult, node-negative invasive carcinomas with ultrasound should reduce mortality from breast cancer, although mortality was not an end point of this study.
Strengths of our study include its matching within a participant, and examinations performed by radiologists who were masked to results of the other examination. Randomized order of these tests helped control biases of recruiting women with vague mammographic abnormalities. Furthermore, these results were consistent and generalizable across 21 international centers. The radiologist investigators in this trial were all specialists in breast imaging who met experience requirements and completed qualification tasks. As such, our results may vary slightly from those observed in general practice, even though similar results were observed by Kaplan 16 for which study technologists performed screening ultrasound. Educational materials used for radiologist investigator training in ultrasound lesion detection and characterization are archived by ACRIN. Abbreviations: ADH, atypical ductal hyperplasia, ALH, atypical lobular hyperplasia; LCIS, lobular carcinoma in situ. a One invasive ductal cancer seen on initial mammography was classified as probably benign (BI-RADS 3) after integrated interpretation with ultrasound and had breast density between 41% and 60%, mammographic type film-screen, and lifetime risk of 25% or higher. b Melanoma case had breast density of more than 80%, mammographic type film-screen, and personal history of breast cancer. c Breast density is overall visually estimated breast density. All participants were visually judged to have at least heterogeneously dense parenchyma in at least 1 quadrant of the breast(s) on prior mammography, except for 43 participants who had no prior mammography. d A patient originally included in this group for the analysis set was receiving chemoprevention therapy. Her basis of eligibility is unknown as reported by the site, even though her reported family history yields a lifetime Gail model risk exceeding 25%. She did not have cancer.
89.2%; Table 2 ). From a detection standpoint, it may be reasonable to offer supplemental screening ultrasound to women with similar risk criteria. As stated, dense breast tissue is common: approximately half of women younger than 50 years and a third of older women have dense breast parenchyma. 5 Approximately 6% of women presenting for routine annual mammography have a personal history of breast cancer, 29 and 15% have a family history of breast cancer. 29 Our ongoing study, allowing for contrast-enhanced breast magnetic resonance imaging (MRI) within 8 weeks of the final 24-month mammography and ultrasound screening round, may soon shed some light on the possible competitive roles of ultrasound and MRI as adjuncts to mammographic screening for breast cancer. Across 4 other series for which screening mammography, ultrasound, and MRI had been performed for women at very high risk of breast cancer, the combined sensitivity of mammography and ultrasound averaged 55% vs 93% after combined mammography and MRI. [37] [38] [39] [40] There appears to be no role for screening ultrasound in women undergoing screening MRI, even though ultrasound may be helpful in guiding biopsy of suspicious findings seen first on MRI. [37] [38] [39] [40] Ultrasound may be more appropriate than MRI for screening women of intermediate risk due to its reduced cost relative to MRI. Many of the cancers seen only on MRI are small, nodenegative invasive cancers. [37] [38] [39] [40] Unlike ultrasound, MRI readily depicts DCIS, 41 although DCIS remains overrepresented among false-negative MRI examinations. 42 It is uncertain whether detection of DCIS is required or whether detection of node-negative invasive breast cancer is sufficient for a screening test. It will be important to see the stage distribution of breast cancers in subsequent rounds of screening with mammography plus ultrasound in this study and to know how many invasive cancers will be seen only on MRI at the 24-month time point.
Despite a 20% interval cancer rate (8 of 40 participants with cancer) in our series, none of the interval breast carcinomas were node positive; the only interval cancer that was node positive was a nonbreast cancer (melanoma metastatic to axillary nodes). Another cancer considered suspicious on initial mammography (and therefore not included among "interval cancers") was considered probably benign after full diagnostic workup and went unbiopsied until the patient presented with palpable, metastatic nodes, yet was only 4 mm in size at eventual detection. One interval cancer was a skin recurrence of prior breast cancer.
Ultrasound is well tolerated, the technology is widely available, and it does not require intravenous contrast material. If, however, screening ultrasound is to be widely implemented, several major issues remain. First, it will be very important to know the role of annual screening ultrasound in addition to mammography, and such a study is in progress with participants in this protocol. The time to perform bilateral screening ultrasound is problematic, at a median of 19 minutes. This does not include comparison to prior studies, discussion of results with patients, nor creation of a final report, although the time may be artificially prolonged by protocol requirements to measure each lesion other than a simple cyst in 2 planes and to fully characterize each such lesion with and without spatial compounding and with and without color or power Doppler. Nineteen minutes is considerably longer than the average 4 minutes 39 seconds reported by Kolb et al 8 for physicians scanning or the average 10 minu t e s r e p o r t e d b y K a p l a n 1 6 f o r technologists. Currently, there is only a single billing code for breast ultrasound (current procedural terminology code 76645), and Medicare global reimbursement is $85 in 2008, which does not fully cover the costs of performing and interpreting the examination. Outcomes similar to those of our physician-performed study have been reported with technologist-performed ultrasound, 16 and specialized training of technologists is encouraged to counter a current shortage of qualified physician and technologist personnel. Further validation of technologistperformed screening breast ultrasound is encouraged. Automated wholebreast ultrasound may facilitate implementation and profitability of screening ultrasound but will result in hundreds of images to be reviewed and stored, with attendant increased capital and professional costs and potential increased malpractice exposure; validation of such methods is needed. The full costs of screening breast ultrasound in this protocol, including the costs of induced additional testing and biopsy, are being analyzed and reported separately.
The final barrier to implementing screening ultrasound is the risk of falsepositive results. The performance characteristics of mammography were within accepted ranges (10.5% recalled for additional imaging or biopsy; 3.2% of participants biopsied after full workup, with 23% proving malignant; 2.2% recommended for short interval follow-up). We observed a 5.4% recall rate for ultrasound (142 of 2637 recommended for additional imaging), which may be artificially low in this series because physicians performed the screening ultrasound and could directly evaluate lesions in real-time. Of 2637 participants, 233 (8.8%) participants had findings considered suspicious on ultrasound with 136 participants having suspicious findings on ultrasound but not mammography and prompting biopsy, and 235 participants (8.9%) were recommended for biopsy based on ultrasound after full workup. Only 20 of 233 (8.6%) of participants with suspicious ultrasonographic findings-12 (8.8%) of 136 of those with suspicious findings biopsied based on ultrasound alone-and 21 of 235 (8.9%) of participants whose lesions were recommended for biopsy based on ultrasound proved to have cancer. The 8.8% to 8.9% PPV of biopsies prompted by ultrasound in our study is similar to the 11% rate seen across prior series. 20, 43 Diagnostic uncertainty for complicated cysts remains a major source of falsepositive results, with 43 participants undergoing only cyst aspiration included among those with a suspicious finding on ultrasound. Elastography, in which the deformability of the mass is assessed during ultrasound, can help distinguish complicated cysts from suspicious solid masses and should reduce this source of false positives. 44 Another 227 participants (8.6%) were recommended for short interval follow-up based on ultrasound, similar to the 6.3% rate across other series. 8, 15, 16, 45 Whether the risk of false-positive results with ultrasound will diminish in our study population with subsequent screening rounds, as has been seen with mammography 46 and in small series with both ultrasound and MRI 37 is under evaluation. We have been separately quantifying patient anxiety and discomfort (ie, "process utility" 47 ) induced by addition of screening ultrasound.
CONCLUSION
The addition of a single screening ultrasonographic examination to mammography for women at elevated risk of breast cancer results in increased detection of breast cancers that are predominantly small and node-negative. We defined elevated risk using a variety of criteria, including personal history of breast cancer, prior atypical biopsy, and elevated risk by Gail or Claus models or both. Recent literature 43 suggests that any combination of factors that confers 3-fold relative risk compared with women without the risk factor would be "high risk," including dense breast tissue. 9 Across all series to date, over 90% of cancers seen only on ultrasound have been in women with more than 50% dense breast tissue, 20 ,24 although 3 of 12 cancers (25%) seen only on ultrasound in this series were in women with only 26% to 40% dense breast tissue (as visually estimated), suggesting that women with other risk factors may benefit from screening ultrasound even if their breast tissue is less dense. The age at which to begin screening women at increased risk would reasonably derive from the age at which the risk of breast cancer is equal to that for an average woman aged 40 or 50 years, depending on national policy. 9 The detection benefit of a single screening ultrasound in women at elevated risk of breast cancer is now well validated. However, it comes with a substantial risk of false-positive results (ie, biopsy with benign results and/or short interval follow-up). Our results should be interpreted in the context of recent guidelines recommending annual MRI in women at very high risk of breast cancer. 25 Importantly, evaluation of annual (incidence) screening ultrasound is continuing in ACRIN 6666, as is evaluation of a single screening MRI in these women. Financial Disclosures: Dr Berg reports that she has served as a consultant to Naviscan PET Systems, MediPattern, and Siemens and has received equipment support from Siemens and a travel grant from General Electric. Dr Mendelson reports that she is a member of the scientific advisory boards of MediPattern and Siemens and has received equipment support from Philips. Dr Bö hm-Vé lez reports that she is a member of the physicians advisory board of MediPattern. Dr Pisano reports that her laboratory receives research support from General Electric, Hologic, Konica, Sectra, and Siemens. Dr Jong reports that she has a research collaboration with General Electric. Dr Evans reports that he is a member of the scientific advisory board of Hologic. Dr Mahoney reports that she is a consultant to Johnson & Johnson and SenoRx. Dr Larsen reports that she receives equipment support from Naviscan PET Systems. Dr Barr reports that he is a member of the ultrasound advisory boards of and has received equipment support from Siemens and Philips. The remaining coauthors report no financial disclosures.
